Abstract-Disaggregating optical communication systems can impact physical layer control. Recent progress on multi-domain transmission control and machine-learning provide capabilities for adaptation and development of engineering rules in the field with potential benefits for disaggregated systems.
Physical layer control is one aspect of optical systems that is proprietary to each vendor and involves the end-to-end system design. Here physical layer control refers to both the path computation element (PCE) or quality of transmission (QoT) algorithms as well as the associated optical power and switch control algorithms used to implement PCE/QoT results and maintain stable system performance and operation. Depending on the extent of disaggregation, the physical layer control may involve a range of implementations from an interoperation between proprietary control planes to a complete re-architecting of the physical layer control into a virtualized, software defined networking (SDN) based controller [7] . The latter case in fact can be thought of as a disaggregation of the physical layer controller from the optical system. Remote controls can also be augmented by autonomous local controls such as amplifier gain control and automatic channel power leveling.
New approaches to physical layer control may help to enable system disaggregation. Multi-domain PCE algorithms have been developed and used with transparent, alien wavelength, inter-domain transmission and resilience [8] [9] [10] [11] [12] . These can be used to better integrate systems running independent control planes, while sharing alien wavelengths. Machine learning methods [13] [14] [15] [16] potentially can make use of field data to tighten margins or account for the diverse system implementations/characteristics. Transfer learning might be employed to translate algorithms based on lab test data or field collected data for application to new system configurations [17] . In general, greater use of field data in order to adapt system performance has the potential to reduce the reliance on lab testing and improve performance prediction, which can help to recover lost performance and reduce margins that result from disaggregation.
II. SYSTEM DISAGGREGATION
Disaggregation is a market concept that can have important ramifications on the design and performance of the respective system. Desktop computing systems, for example, began as integrated systems, but today are mostly disaggregated such that a well-informed consumer can purchase stand-alone computer components, all from different suppliers, and assemble their own system. Not only keyboard and display, but also hard drives, memory, and even the microprocessor can be purchased separately. Component pairings, however, do impact performance and require some expertise or experimentation in order to get peak performance. System integrators offer computer systems with different component options that have been tested or vetted in advance for compatibility. Consumers may also have a choice of operating system. Today many analogous elements of this example with desk top computer disaggregation exist for optical systems. Complete reconfigurable optical add drop multiplexer (ROADM) nodes with wavelength selective switches and amplifiers are commercially available. These can be purchased as 'whiteboxes' with no controller or 'brightboxes' with controllers on board [18] . A software solution for the 'operating system' is not currently available, although several network operating systems and SDN controllers have adopted optical component control capabilities that would make it possible to develop such a software control capability [19] [20] .
The openROADM multi-source agreement specifies standard ROADM interfaces and local control operations that are meant to allow for each ROADM node to be operated independently using such an SDN controller [2] . The standard is designed to avoid control signals passed directly between neighboring nodes. All control messages are passed directly to each node from an SDN controller. In general, a variety of different hierarchical control system architectures may be implemented [3, 5, 18] .
III. OPTICAL SYSTEM DISAGGREGATION MODELS
Optical systems can be disaggregated by dividing both hardware or software into different elements, in order to open one or both to multi-vendor supply chains. One breakdown of the different disaggregation elements is listed below and can be thought of as hierarchical (top to bottom, 1 to 3) layers.
Hardware Disaggregation Element Layers:
1. Wavelength ('alien wavelengths') 2. Node
Component
Software Disaggregation Element Layers:
NMS/EMS

Physical layer controller
Here component disaggregation refers to the major system components, including amplifiers, wavelength selective switches, optical channel monitors, mux/demux, and optical transceivers; whereas, node disaggregation takes groupings of these components that make up a node or node sub-system, such as one degree of a ROADM. Today, wavelength and network and element management systems (NMS/EMS) disaggregation are commonly supported [18] . Each of these disaggregation elements can be taken individually or separately, although the elements tend to be hierarchical in the layers shown in each list. Thus, if the components are disaggregated, then the higher (top) layer nodes and wavelengths would effectively be disaggregated. Likewise, it would be difficult to disaggregate the physical layer controller without also disaggregating the network and element management systems. There is also coupling between the software and hardware elements. While each of the software elements can be disaggregated without any hardware disaggregation (assuming the hardware is suitably specified or standardized), node and component disaggregation would require a disaggregation of all software elements.
Within each disaggregation element layer there can also be different implementation approaches. For example, for node disaggregation, the nodes can be required to meet specific requirements or standards that can tighten the resulting performance variations.
IV. PHYSICAL LAYER CONTROL
Several different aspects of physical layer control will be impacted by disaggregation. For wavelength disaggregation, challenges include untested 'alien' signals and the inability to perform end-to-end testing on the signals. It can also involve interoperation of alien wavelengths between different systems. Different transceivers may perform better at different power levels, achieve different transmission reach, or show unique sensitivity to nonlinear effects and channel cross-talk. Lab testing is often used to prove in the performance of such alien wavelengths prior to deployment. The ability to adapt channel route, spacing and power 'online' within the system in the field, based on the alien wavelength performance can potentially reduce the dependence on pre-deployment testing and tighten margins.
For the case of multiple systems of different vendor origin in the same network, sharing alien wavelengths, the additional problem exists of physical layer control plane coordination between systems. This type of scenario has been studied for multi-domain transmission in terms of coordinating PCEs for routing and wavelength assignment and for performance guarantees and restoration using optical performance monitoring [21] [22] [23] .
The greater variability in transmission performance that occurs with deeper layers of disaggregation has been addressed through several directions. One approach is to provide tight specifications or standards that yield greater uniformity in the constituent elements and how they can be operated [2, 18] . A disaggregated physical layer controller is needed in this case to operate the system. These disaggregated controllers will need to contend with the greater variability in component pairings than found in a proprietary system. Maintaining large margins, for example by constraining the size of the system, may accommodate the larger performance variability [6] .
Another approach to addressing the performance variability in disaggregated systems is to introduce new monitoring and control in the field that can adapt to the greater diversity in system configuration. Machine learning in particular might be used either through reinforcement or transfer to tune the controls based on the reality in the field. Transfer learning has been used to show a QoT estimator that enables an algorithm developed in the lab to be adapted with only a few training cycles to a new system configuration. Training on a LEAF fiber based lab system was used to achieve accurate Q factor predictions on a different LEAF fiber lab system and on a system with different fiber type and modulation format, suing, with only 20 new training samples [17] . Such an approach might be used when a disaggregated system is deployed in order to quickly learn the appropriate QoT model. Similarly, reinforcement learning might be used to improve the system operation and tighten margins. In a recent analysis, the use of field measured data was shown to result in dramatic reductions in the QoT prediction error for wavelength routing in a panEuropean network [16] .
Using machine learning to better predict performance based on the unique system configurations can tighten margins in general, which can enable the use of disaggregation in larger systems. Recently machine learning was used to accurately predict wavelength dependent channel powers, which is the primary determinant of the optical signal to noise ratio and the impact of nonlinear optical impairments [11, 24, 25] .
V. CONCLUSION Disaggregation of optical systems can impact the requirements on performance prediction and control for optical transmission. Different layers of disaggregation were introduced and discussed in the context of the physical layer control requirements. Top layer disaggregation leads to a multidomain inter-operability problem; whereas, lower layer disaggregation can require new control architectures and new approaches to dealing with greater uncertainty in the system constituent elements and reduced end-to-end system engineering. Recent progress in multi-domain physical layer prediction and control and machine learning methods hold promise to address these challenges.
